Platinum is extensively used in the treatment of several childhood cancers. However, ototoxicity is one of the most notable adverse effects, especially in children. Several studies suggest that genetics may predict its occurrence. Here, polymorphisms associated with platinum-induced ototoxicity were selected from the literature and were investigated in a pediatric population treated with platinum-based agents. In this retrospective study, patients treated with cisplatin and/or carboplatin were screened. The patients with pre-and post-treatment audiogram (Brock criteria) available were included. We selected polymorphisms that have previously been associated with cisplatin ototoxicity with a minor allele frequency ≥30%. Deletion of GSTM1 and GSTT1, rs1799735 (GSTM3), rs1695 (GSTP1), rs4880 (SOD2), rs2228001 (XPC), rs1799793 (XPD) and rs4788863 (SLC16A5) were investigated. Data of one www.oncotarget.com Oncotarget, 2018, Vol. 9, (No. 56), pp: 30883-30893
INTRODUCTION
Platinum is an essential component of chemotherapies in a wide range of pediatric cancers, such as osteosarcoma, neuroblastoma, medulloblastoma, germ cell tumors, retinoblastoma or hepatoblastoma [1] . Its use has been approved despite several side effects, among which ototoxicity is one of the most relevant. After a same dose of platinum some patients may suffer from long-lasting hearing loss whereas others may not. Risk factors are not well determined. Several clinical factors have been shown to increase the susceptibility to cisplatininduced ototoxicity. Males may be more prone to develop ototoxicity than females [2] [3] [4] . Futhermore, younger children may be more sensitive than adults [5] , and may suffer from speech and social development impairment. Combined radiotherapy and cumulative doses of cisplatin have also been identified as risk factors [3, 5, 6] . But these criteria are insufficient to identify with accuracy patients with high hearing loss risk. It is therefore necessary to better determine the predisposing factors in order to protect children from cisplatin related deafness.
Growing number of studies suggest that genetics may be a relevant factor in ototoxicity, but results are contradictory and scarce for children [7] . One of the cisplatin cytotoxic mechanisms is to induce oxidant stress generating reactive oxygen species [8] , from which cochlea cells are protected by a high expression of antioxidant enzymes, like glutathione-S-transferases (GST), or superoxide dismutases (SOD). A deletion of 3 nucleotides on GSTM3 gene [9] has been shown to have a protective role, whereas having GSTT1 and GSTM1 genes and the A/A genotype at rs1695 in GSTP1 has been associated with hearing loss [7, 10] . In other studies, the presence of GSTT1 [11] , and the AG or GG genotypes at rs1695 have been correlated with a greater risk of severe hearing impairment [12] . The manganese SOD, encoded by the SOD2 gene, catalyzes the conversion of O2-. to H2O2 and O2
. [8] . A study in medulloblastoma correlated the SNP rs4880 in SOD2 with ototoxicity in adults [13] .
Another cytotoxic mechanism of platinum components is to form adducts in DNA, inducing apoptosis and, in the same time, activating nucleotide excision repair (NER) [14, 15] . NER envolves several xeroderma pigmentosum (XP) complementing proteins. The SNPs rs1799793 and rs2228001, in XPD and XPC genes respectively, have been correlated with cisplatin induced hearing loss [16, 17] .
Cisplatin and carboplatin are transported through different influx transporters coded by the solute carrier (SLC) family genes [18] [19] [20] . Several works associated SLC genes and ototoxicity. The T allele at rs316019 in SLC22A2 has been shown to protect from hearing loss [21] . The C allele carriers at rs10981694 in SLC31A1 had an increased susceptibility to ototoxicity [22] . The rs4788863 in SLC16A5 has also been correlated with hearing loss in adults [23] . The A allele at the rs2075252 in megaline gene had been associated with hearing impairment by Riederman but not replicated by Choeyprasert [11, 24] .
Other genes with a lesser-understood biologic role in ototoxicity have been identified. Ross' work has associated several SNPs in thiopurine S-methyltransferase (TPMT) and catechol O-methyltransferase (COMT) [25, 26] with ototoxicity. However, these results were not confirmed by Yang et al. [4] . ACYP2 gene has been associated with hearing loss in a GWAS study [27] , and replicated in another gene candidate study [28] .
Here, we aimed to investigate the most common polymorphisms with a minor allele frequency (MAF) ≥30% selected from the literature, in a pediatric population treated with platinum without cranial irradiation.
RESULTS

Population characteristics
A total of 161 eligible patients/families were contacted for the study. A signed informed consent was provided by 43 adults and 75 parents (or guardians) for their child. However, 12 children did not satisfy the inclusion/exclusion criteria and were filtered out ( Figure  1 ). At the end, 106 patients were included in the analysis.
Patients' characteristics are presented in Table 1 . Thirty-three patients (31%) displayed a moderate or severe hearing loss (Brock grade≥ 2) after treatment. The time elapsed between end of treatment and last audiogram test is given in Table 1 
Genetic analysis
All SNPs passed the quality control checks (i.e. Hardy-Weinberg equilibrium with P > 0.05, MAF ≥30% and percentage of missing genotype <5%, see Table 2 ). The repartition of genotypes in controls and cases was represented in Table 3 .
They were further tested in a univariate analysis for association with hearing loss, following different inheritance models (additive, dominant and recessive) ( Figure 2 ).
Under a dominant genetic model, the percentage of patients with a grade ≥2 on the Brock scale was significantly higher in the group carrying the homozygote wild type A/A genotype (rs1695) in GSTP1 than in the group carrying A/G or G/G genotypes, i.e. 64% vs. 40% (P=0.02). The rs1799793 in XPD/ERCC2 gene was also significantly associated with hearing loss under a dominant model. A significantly higher percentage of homozygote C/C wild type was observed in children who experienced hearing loss after chemotherapy when compared to the patients carrying C/T or T/T genotypes (61% versus 37%; P=0.02). Furthermore, a trend regarding the association between GSTT1 null genotype and hearing loss was also observed in the univariate analysis. The GSTT1 deletion was more frequent in the group of patients with a grade ≥2 (33% vs. 16%; P=0.08), but was not significant. As well, a statistical trend between rs4788863 in SLC16A5 gene and hearing loss under a dominant genetic model hypothesis was shown (P=0.07). No association was found with any of the other polymorphisms on GSTM1, GSTM3, SOD2 and XPC.
According to these results, the following polymorphisms were further tested under a dominant genetic model in a multivariate analysis: GSTT1 deletion, rs1695, rs1799793 and rs4788863 (Table 4 ). The multivariate logistic regression confirmed the significant association between GSTT1 deletion, GSTP1 (rs1695), and ERCC2 (rs1799793) genes and hearing loss after chemotherapy. The patients with GSTT1 gene deletion had a higher risk to develop ototoxicity (OR 3.53; 95% CI 1.07-11.58; P = 0.03). Patients who were A/A wild type -GSTP had also a higher risk of hearing loss (OR 3.76; 95% CI 1.33-10.61; P = 0.01). Furthermore, the patients with the C/C wild type genotype at rs1799793 in ERCC2 had significantly 4.1 times higher risk to develop ototoxicity (95% CI 1.43-11.52; P = 0.008). No significant interaction between these 3 polymorphisms was evidenced (P>0.05).
As expected, the cumulative doses of carboplatin and cisplatin were also associated with grade ≥2, P=0.033 and P=0.012 respectively. For each 100 mg/m 2 drug dose increase, the risk was increased by 1.68 for cisplatin and of 1.06 for carboplatin. In our study, the cumulative doses for cisplatin and carboplatin ranged from 44 to 650 mg/ m 2 and from 278 to 5040 mg/m 2 respectively. For patients receiving both drugs, the median (range) for carboplatin dose was 1500 (278 -2500) mg/m 2 . The median (range) for cisplatin dose was 395 (44 -600).
DISCUSSION
In this retrospective study, we investigated 8 polymorphisms in a pediatric population treated with platinum chemotherapy. We showed that 3 of them, rs1695 in GSTP1, the absence of GSTT1, and rs1799793 in XPD/ERCC2 were significantly associated with hearing impairment, whereas rs4880, rs2228001, rs4788863, rs1799735, and presence of GSTM1 were not. GST family isoenzymes eliminate free radicals [8, 29] , and increase cell resistance against platinum. They conjugate glutathione with xenobiotics, thus sequestrate platinum in the cytoplasm and prevent drug from entering into the nucleus to form DNA adducts [30, 31] . In our study, the presence of GSTT1 was significantly associated with hearing protection, which is in accordance with its physiologic role, but not with previous studies [9] [10] [11] .
An analysis on a small group of children with solid tumor showed a correlation between ototoxicity and presence of GSTT1, however no correlation for GSTM1 was demonstrated [11] . In our study, the A/A genotype at rs1695 in GSTP1 was also associated with hearing impairment, which is in agreement with Oldenburg et al [10] . Val on the amino acid sequence respectively, were less likely to The mechanisms leading to inner ear cell apoptosis are not completely understood but may not be different from those induced in tumors. In addition to oxidative stress generation, cisplatin form adducts on DNA in the cochlear cells, leading to DNA repair enzymes activation and apoptosis [14] , as shown in mice model. These enzymes play a central role in tumor resistance and may, as well, protect ear cells from apoptosis. In human, proteins implicated in NER system have been shown to protect from cisplatin induced apoptosis [15] . DNA repair involves several proteins which may retrieve DNA adducts [33] , like Xeroderma Pigmentosum (XP) complementing proteins or differently named Excision Repair Cross-Complementing (ERCC) proteins. Extensively examined in different types of cancer, ERCC proteins have consistently been correlated with response to cisplatin therapy [17, 34] . Many polymorphisms have been correlated with survival, or response [17, 35, 36] . We investigated two polymorphisms on ERCC1 and ERCC2 previously found to be correlated with ototoxicity [16, 17] . Only rs1799793 on ERCC2 was correlated with ototoxicity: the presence of two G alleles was associated with hearing loss. It is located in an exon, inducing an exchange of an aspartic acid to an asparagine amino acid, and has been correlated with increased cancer risk [37] . Our result is in line with several clinical studies, suggesting that homozygote GG at rs1799793 may respond better to platinum treatment, suggesting higher susceptibility of cells to cisplatin [38, 39] . This is in contradiction with the prior results of Lopes' study [16] , where they found an association of the TT genotype with moderated and severe deafness. In this latter study, classification of hearing loss (CTCAE) and analyzed population differed, including adults with head and neck irradiation.
Peters et al. [9] showed an association between GSTM3 * B (rs1799735) with protection from cisplatin ototoxicity. However, in our study, no association was found, probably due to the difference in the hearing loss scale used to classify the patients and the size of the population. Due to the small sample size of patients enrolled in their study (39 patients) , no multivariate analysis was performed to confirm this association.
We also investigated the rs4880 located in SOD2, previously described as being associated with ototoxicity by Brown et al. [13] , but failed to confirm these previous results. Their study was done on pediatric patients treated for medulloblastoma, who also received radiotherapy. Radiotherapy may induce different chemical species. More superoxide anions may be generated, involving preferentially other elimination pathways, thereby different enzymes and polymorphisms. This enzyme may play a minor role in the detoxification of cisplatin without radiation, as patients who had received radiations were excluded from our study.
Cisplatin is transported into the inner ear cells through different transporters. Considering the size of our population, only the most frequent polymorphism, rs478886 on SLC16A5 gene (coding for the monocarboxylate transporter 6) was investigated. This SNP has been highlighted in an adult population of men treated for germ cell testicular cancer (OR= 0.05) [23] . In our study, this SNP was not significantly associated to ototoxicity. This suggests that, in children, mechanisms may be different and the impact of this mutation weaker compared to adults. Adults and children express enzymes and transporters at different level therefore are differently sensitive to chemotherapies developing specific side effects. In the same way, adults are more prone to develop cisplatin related peripheral neurotoxicity than younger patients [40] .
One limit of this study is the number of patients -higher than the several prior studies-but smaller with respect to Yang's or Pussegoda's ones [4, 26] . This limited the number of polymorphisms studied. To have enough statistic power, we have chosen a MAF threshold of 30%, hence excluding several SNPs previously associated with cisplatin induced hearing loss. We did not include the SNPs in the following genes: ACYP2 (coding for an acylphosphatase) [41] , SLC31A1 gene coding for the copper transport protein 1 [22] , SLC22A2 coding for the organic cation transport protein 2 [21] , megalin [24] , TPMT and COMT [25, 26, 41] and Mendelian deafness gene [42] .
The proportion of cases in our study is 31%. Our results are consistent with Yancey's and Olgun's studies which reported 28% and 30% of children with Brock grade ≥2 respectively [2, 3] . These results may be different from other studies, mainly due to the method used to grade the hearing loss.
In our cohort, tumor type distribution is different between cases and controls. But it does not seem likely that it impacts our results since ototoxicity is due to the treatment itself. Radiation used to treat certain types of tumor, which could have been a confounding factor, was excluded. Furthermore, it is noteworthy that genotypes for all selected polymorphisms were well-balanced across the different type of tumors (P > 0.05).
As expected and previously reported, we also showed an association between ototoxicity and cumulative doses of cisplatin [3, 5, 6 ] and, to a lesser extent, of carboplatin. The latter was suggested to be associated with a much lower risk of ototoxicity than cisplatin [43] .
Nowadays, more children are successfully treated for cancer, but it is still difficult to protect them from cisplatin-induced deafness which compromises their development and quality of life. Our work suggests that three polymorphisms in GSTT1, GSTP1 and ERCC2 may constitute potential biomarkers of platinum induced www.oncotarget.com ototoxicity. But fusion of existing data bases devoted to platinum's ototoxicity as well as larger prospective clinical trials have to be conducted to confirm the potential predictive value of these polymorphisms. They might be then used to discriminate high-risk patients, to whom could be proposed new preventing strategies [44] .
MATERIALS AND METHODS
Patients, treatment and clinical variables
The Otoplat protocol was approved by the Ethics Committee of Ile de France III (ClinicalTrials.gov. Identifier: NCT02425397). In this retrospective study, which started in March 2011 and ended in January 2016, we examined medical records of children treated with cisplatin and/or carboplatin in 10 French pediatric cancer departments: Curie Institute (Paris), University Hospital of Nancy, University Hospital of Nantes, University Hospital of Strasbourg, Institute of Pediatric Hemato-Oncology (Lyon), Gustave Roussy Institute (Villejuif), Trousseau Hospital (Paris), Oscar Lambret Center (Lille), Children Hospital (Toulouse) and Timone Hospital (Marseilles).
We screened patients with pure tone audiometry performed in a sound-proof room, using visual reinforcement audiometry in youngest children. We selected patients with audiogram tests done before treatment and at least 3 years after the end of the treatment. Exclusion criteria were defined as follows: patients i) with cerebral tumors, ii) with parameningeal rhabdomyosarcoma, iii) with renal toxicity (grade ≥ 2) during treatment (Common Terminology Criteria for Adverse Events), iv) with a pathological audiogram before treatment, v) who have undergone facial, cerebral or total body irradiation, vi) with Brock grade 1 to better discriminate the severe hearing loss from no impairment.
An information note along with an informed consent was sent to all eligible patients/parents. Patients (or parents who agreed to their child's participation in the study) were asked to send back the swab used to collect mucosa cells along with the signed informed consent form.
Hearing loss was assessed using the Brock criteria [45] , a classification specifically designed for cisplatinrelated ototoxicity. The results obtained from the better ear or the free field tests were used to define the grade. Hearing loss was graded from 0 to 4. Patients were classified in the group platinum-related ototoxicity if they had a grade 2, 3 or 4 on the Brock scale after the end of treatment, and in the control group, those with a grade 0, with no hearing impairment.
DNA extraction and genotyping
DNAs were extracted from swabs following manufacturer's instructions, using Gentra Puregene Buccal cell kit (Qiagen). To sum up the procedure, swabs were incubated 1 hour in cell lysing solution at 65°C then after addition of K proteinase, at 55°C during 2.5 hours. DNAs were precipitated with ethanol, centrifuged, washed in 70% isopropanol twice and then dissolved in hydration solution. DNAs were quantified by spectrophotometer (Nanodrop, ThermoScientific).
In this association study with candidate genes, the polymorphisms were selected based on literature review. Thereafter, SNPs with a minor allele frequency lower than 30% were filtered out. This MAF value would guaranty an 80% power to detect at least an Odds Ratio of 2.3, 3.6 or 4.7 using an additive, dominant or recessive genetic model respectively.
GSTM3 rs1799735 (a deletion of 3 base pairs) was determined by PCR using a predesigned LightSNiP assay (Tib MolBio, Germany) in LightCycler 480 Probes Master Mix (Roche), according to manufacturer's instruction on a LightCycler 480 System (Roche) using 40 ng of DNA. The PCR conditions consisted of an initial denaturation step of temperature of 95°C (10 minutes), followed by 45 cycles of melting (10 seconds at 95°C), annealing (10 seconds at 60°C), and extension (15 seconds at 72°C). After the PCR, a melting curve between 40°C and 95°C was realized, to assess the melting temperatures (Tm) of amplicons. Tms were observed at 48°C and 61°C, corresponding, respectively, to the deletion and the normal genotype.
GSTM1 and GSTT1 were simultaneously amplified from 50ng of DNA in a multiplex PCR in SYBER ® green on a LightCycler 480 System (Roche), following a method modified from Barahmani's work [46] , using specific primers : forward 5′-GAACTCCCTGAAAAGCTAAAGC-3', reverse 5′-GTTGGGCTCAAATATACGGTGG-3' for GSTM1 at 0.5μM, forward 5′-TTCCTTACTGGTCCTCACATCTC-3', reverse 5′-TCACCGGATCATGGCCAGCA-3', for GSTT1 at 0.3μM, and as control Bcl2, forward 5′-GCAATTCCGCATTTAATTCATGG-3', reverse 5′-GAA-ACAGGCCACGTAAAGCAAC-3' at 0.5μM. The PCR conditions consisted of an initial melting temperature of 95°C (10 minutes), followed by 33 cycles of melting (10 seconds at 95°C), annealing (30 seconds at 62°C), and extension (25 seconds at 72°C). A melting curve between 65°C and 95°C was realized to assess the Tm of the amplification products (Bcl2 Tm at 78°C, GSTM1 Tm at 82°C and GSST1 Tm at 87°C). Bcl2 Tm was a positive control of PCR for each patient.
The other SNPs rs1695 (GSTP1), rs4880 (SOD2), rs2228001 (XPC), rs1799793 (ERCC2), rs4788863 (SLC16A5) were genotyped using predesigned TaqMan assay (Life technologies) following manufacture's instructions. q-PCR were performed in 25 μl on 35.5 ng of DNA using TaqMan ® Universal Master Mix II, with UNG, on an Applied biosystem 7500 Real Time PCR system (Applied Biosystems). The thermal cycling comprised a holding stage (10 minutes at 95°C) and 45 cycles of denaturation (15 seconds at 92°C) and annealing/ extension (1 minute at 60°C). Analysis was performed on the Sequence Detector Software (SDSv2.0, Applied Biosystems). Genotypes were determined by an endpoint fluorescence reading.
Statistical analysis
Statistical analysis was performed with ad hoc routines implemented in R software (http://www.R-project.org). The data are presented as proportions for categorical data and as median, interquartile range (IQR) and range for quantitative data. The primary endpoint was defined as moderate or severe hearing loss after the end of treatment (with a grade ≥2 on the Brock scale).
Quantitative variables were compared with the non-parametric Wilcoxon tests and proportions with the Fisher's exact tests or the chi-squared tests, as appropriate. Logistic regression models were used to test all possible genetic inheritance models (i.e., additive, dominant, and recessive) for all selected polymorphisms. GSTM1, GSTM3 and GSTT1 polymorphisms were analyzed as categorical covariate to evaluate the association between these gene deletions and hearing loss. A multivariate logistic regression was then used. All SNPs with a P value < 0.10 in the univariate analysis were included in the multivariate model.
Both cumulative doses of cisplatin and carboplatin were used as continuous covariate in the multivariate logistic regression model. For patients treated with one drug, the unused drug dose was set to zero. For patients receiving both drugs, the two cumulative doses were used.
The multivariate analysis was adjusted for known confounding variables (i.e., age at diagnosis, cisplatin cumulative dose and carboplatin cumulative dose). Associations were expressed by ORs with their respective 95% confidence interval (95% CI). All statistical tests were two sided, and P < 0.05 was defined as statistical significance.
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